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Abstract 
This work presents the results of investigations of the glass described by the formula 28.2Li2O·35.2FeO·8.4V2O5·28.2P2O5 
before and after nanocrystallization. The starting glassy material was prepared by melt-quenching method. Annealing at 
temperatures higher than 470 °C resulted in formation of the nanocrystalline structure. The X-ray analysis of the nanomaterial 
revealed the presence of LiFePO4 and Li3V2(PO4)3 crystalline phases in the glassy matrix. The grain size, estimated using the 
Scherrer method was in the range of 34 – 66 nm for LiFePO4 and 40 – 51 nm for Li3V2(PO4)3, for material annealed at 500 °C. 
The DSC investigations revealed two exothermic processes, which were ascribed to crystallization of different phases. After 
formation of the nanocrystalline phase, the gigantic increase of electrical conductivity at room temperature by the factor 108 is 
observed. Because the investigation has not found any evidences indicating the presence of metallic phases in the 
nanocrystallized material, the gigantic enhancement of electrical conductivity was attributed to nanocrystallites precipitation. 
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1. Introduction 
The interest in lithium iron phosphate systems started with the discovery of excellent Li+ ions intercalation in 
olivine LiFePO4 cathode material [1]. The material has many advantages like: high potential vs. Li+/Li, high 
capacity, environmental beningness and low costs of production. However, it suffers from a serious drawback –  
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a low electrical conductivity (with values spread from 10-10 Scm-1 [2] to 10-7 S/cm-1 [3] at room temperature). There 
are many approaches for circumventing this problem, like carbon-coating [4] or doping with aliovalent ions [3]. 
The carbon-coating is used to ease the electron intercalation into the grain host. Nevertheless, it does not improve 
the conductivity of the material itself. Additionally, carbon introduced to a cathode material causes the energy 
density of the electrochemical cell to decrease. 
In the work [3] it was shown that addition of minor concentration of Zr, Ti, Nb or Mg resulted in a very high 
conductivity of the obtained samples. However, the detailed studies revealed that this effect comes mostly from the 
metallic impurities originating from the reduction of phosphates in oxygen-free atmosphere. 
Recently, some authors have investigated the properties of vanadium doped olivines. It is mostly agreed that the 
addition of vanadium has a positive influence on the conductivity and the electrochemical properties of the material. 
The work of Sun et al. showed that Li1.05Fe0.97V0.03PO4/C composite has improved lithium diffusion coefficients 
(1.86·10-10 cm2s-1 vs. 2.9·10-11 cm2s-1 for undoped material) and higher gravimetric capacity (160 mAhg-1 vs.  
140 mAhg-1 for C/10 current) [5]. Whittingham et al. reported that addition of V2O5 to polycrystalline LiFePO4 has 
the positive effect on conductivity – the highest value was reported for LiFeP0.95V0.05PO4 and was equal to  
3.2·10-6 Scm-1 [6]. 
Another way to improve materials’ parameters is to obtain them in nanocrystalline form. The advantages of these 
materials’ in respect to the microcrystalline ones are: shortened diffusion paths for Li+ ions/electrons and higher 
surface area of contact between material and electrolyte. It was also shown that reducing the particle size is most 
crucial for reaching the theoretical gravimetric capacity [7, 8]. There are many methods of preparation of 
nanocrystalline materials, like sol-gel or hydrothermal. We propose other approach based on thermal 
nanocrystallization of the glasses within the Li2O-FeO-V2O5-P2O5 system. In [9] we have reported that, for 
LiFe0.82V0.19PO4 glass, this approach led to increase of conductivity by 3 orders of magnitude, to ca. 10-6 Scm-1. For 
nanocrystallized LiFe0.75V0.1PO4 glass, we showed the increase of conductivity by more than 8 orders of magnitude 
(to the value 10-3 Scm-1 at room temperature) [10].  That immense growth was attributed to precipitation of small 
(ca. 5 – 10 nm) grains of LiFePO4 in the glassy matrix. 
2. Experimental 
A glassy material with the nominal composition 28.2Li2O·35.2FeO·8.4V2O5·28.2P2O5 (LiFe0.625V0,3PO4) has 
been prepared. Starting powders: Li2CO3 (Sigma Aldrich, 99.9%), FeC2O4·2H2O (Sigma Aldrich, 99.9%), V2O5 
(Sigma Aldrich, 99.6%) and NH4H2PO4 (POCH – Polish Chemicals, 99.5%) were homogenized and annealed under 
5N nitrogen flow in two subsequent steps: (i) at 300 °C for 2 h and (ii) at 570 °C for another 2 h. The batch was then 
melted at 1200 °C in alumina crucibles placed in a chamber furnace, using a double-crucible technique [11]. After 
15 minutes, the melt was poured onto a stainless-steel plate held at the room temperature and immediately pressed 
with another identical plate. The amorphousness of the sample was confirmed by XRD. 
Thermal events taking place in the glass upon heating were studied by differential scanning calorimetry (DSC) 
using TA Instruments Q200 apparatus. DSC runs were carried out on powdered samples in the air atmosphere in the 
range of temperatures 40 – 550 °C, and heating rates of 2 – 40 °Cmin-1. 
The temperature dependence of the electronic conductivity was determined from impedance spectroscopy (IS) 
measurements. The IS measuring setup was based on a Solartron 1260 Gain Phase/Impedance Analyzer integrated 
with a furnace and temperature controller (Eurotherm 2404). The measurements were carried out in a 25 – 515 °C 
temperature range and consisted of a heating and a cooling ramp. In addition, the conductivity of the sample was 
measured at low temperatures (down to -180 °C) using a liquid nitrogen cryostat. The temperature of the sample was 
stabilized for 40 min before each impedance run. 
The phase composition of obtained samples was investigated by XRD. Diffraction studies were carried out on a 
Philips X'Pert Pro apparatus set in a Bragg–Brentano configuration, equipped with a copper anode and a nickel 
filter. The CuKα line (λ = 1.5405 Å) was used in diffraction experiments. The XRD patterns were analyzed using 
the X'Pert HighScore software (PANalytical) supported by the PDF-2 database (ICDD). The effect of annealing on  
a material microstructure was investigated as follows: first, the sample was annealed at selected temperature in  
a porcelain crucible for 30 minutes, then quickly quenched, powdered and X-ray measured at room temperature. 
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3. Results 
3.1. XRD 
Powder diffraction patterns of as-received sample proved that it was fully amorphous (Fig. 1). For low angles one 
can observe a wide “halo” peak related to close range order in glassy materials. Annealing at 470 °C does not result 
in formation of nanocrystalline phase. In the samples heated up to 500 °C and 520 °C, LiFePO4, Li3V2(PO4)3 and 
other phases are present. The grain sizes, determined by the Scherrer method [12] for the annealing at 500 °C are  
34 – 66 nm (LiFePO4) and 40 – 51 nm (Li3V2(PO4)3). After annealing at 520 °C, the values increase to 57 – 115 nm 
(LiFePO4) and 55 – 112 nm (Li3V2(PO4)3). 
 
Fig. 1. XRD patterns for as-prepared glass (red) and glass annealed at 470 °C, 500 °C and 520 °C  
(blue, orange and green, respectively). 
 
3.2. DSC 
In DSC curves (Fig. 2) a baseline shift (characteristic for a glass transition) was followed by two exothermic 
peaks which were ascribed to crystallization of different phases. The temperatures of these transitions were named 
Tg, Tc1 and Tc2 respectively. It is commonly known that the temperatures of the crystallization events in DSC 
experiments depend on the heating rate. This phenomena has been described by Kissinger [13]. The Kissinger’s 
formula may also be used to describe dependence of the glass transition temperature on the heating rate [14]. The 
equation is as follows: 
 ൬ ߠܶ݁ʹ൰ ൌ െ
ܧܽ
݇ܤܶ ൅ ܥ 
where: θ – heating rate, Te – temperature of thermal event, kB – Boltzmann constant, Ea – activation energy of the 
thermal process and C – a constant. In case of glass studied in this work, both glass transition and crystallization 
processes may be described with Kissinger equation – as shown in Fig. 3, the points of processes’ temperatures may 
be fitted with a straight line in Kissinger coordinates. The values of the activation energy of the glass transition, 
nucleation and grain growth are 8.8 eV, 4.34 eV and 4.14 eV, respectively. 
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Fig. 2. DSC curves for heating rates in the range  
of 2 – 40 °Cmin-1. 
 
Fig. 3. The Kissinger plot for investigated material. Blue 
circles represents glass transition temperatures (Tg), green 
triangles and red diamonds – two crystallization processes 
(Tc1 and Tc2, respectively). 
3.3. Electronic conductivity 
The conductivity of the as-received glass at room temperature was too low to be measured directly. The value 
extrapolated from the points obtained in higher temperatures is 2.08·10-11 Scm-1. The activation energy is 0.899 eV 
for the temperatures lower than ca. 450 °C and then increases to 1.947 eV. The change of activation energy may 
correspond to the rising influence of ionic conductivity to total conductivity [10]. After annealing at temperature  
515 °C and cooling down, the activation energy lowers to 0.101 eV, and the conductivity of obtained nanomaterial 
at room temperature is 7.59·10-3 Scm-1. The conductivity increases by the factor 3.64·108. The results of 
measurements are shown in Fig. 4. One can see that the temperature dependence of conductivity is Arrhenius-like.  
We have also performed measurements down to -180 °C. For temperatures below ca. -115 °C, a decrease of 
activation energy can be observed. In the Fig. 5 we present the temperature dependence of conductivity in 
temperature range -180 – 515 °C in Arrhenius coordinates and in the Fig. 6 – in Mott’s coordinates. 
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Fig. 4. The temperature dependence of conductivity in 
Arrhenius coordinates in temperature range 25 – 515 °C. Red 
circles represent values obtained during heating, blue circles – 
during cooling. Red full circles stand for extrapolated results. 
DSC curve for heating rate 10 °Cmin-1 is shown for 
comparison. 
Fig. 5. The temperature dependence of conductivity in 
Arrhenius coordinates in temperature range -180 – 515 °C. 
Red circles represent values obtained during heating, blue 
circles – during cooling, green circles – during measurements 
in cryostat. Red full circles stand for extrapolated results. 
 
 
Fig. 6. The temperature dependence of conductivity in 
Mott’s coordinates in temperature range -180 – 515 °C. 
Red circles represent values obtained during heating, blue 
circles – during cooling, green circles – during 
measurements in cryostat. 
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4. Discussion 
The addition of V2O5 to Li2O-FeO-P2O5 system results in better glass-forming properties. Vanadium also 
introduces an amount of aliovalent ions, which facilitate electron transport via small polaron hopping. The 
expression for electronic conductivity in glasses containing transition metal oxides (in particular: iron and 
vanadium) for temperatures higher than ߠܦȀʹ(where ߠܦ  is the Debye temperature) was given by Mott [15,16]: 
ߪ ൌ ߥ݈݁ ܿሺͳ െ ܿሻ
݁ʹ
ܴ݇ܤܶ ሺെʹߙܴሻ  ൬െ
ܧܽ
݇ܤܶ൰ 
where R is the average distance between hopping centres, ߥ݈݁ ൎ ԰Ȁܴ݉ʹ, ߙ is the inverse localization length of the 
electron wave function, c is the fraction of occupied hopping sites of one valence for electrons, and Ea is the 
activation energy of electronic conduction. In case of investigated material, electron hopping may take place on 
Fe2+→Fe3+, V4+→V5+, V4+→Fe3+ and Fe2+→V5+ routes [17]. Conductivity values in low temperatures (below ߠܦȀͶ) 
may be well-fitted to expression proposed also by Mott [18]: 
ߪ ൌ ߪܸܴܪ  ൬െ
ܤ
ܶെͳȀͶ൰ 
where ߪܸܴܪ ൌ ͵݁
ʹ߱ܦ
ʹɎ ට
ܰሺܧܨሻ
ͺߨߙ ݇ܤܶ and ܤ ൌ ʹǤͳ ቂ
ߙ͵
݇ܤܰሺܧܨ ሻቃ, where ߱ܦ  is the Debye frequency and ܰሺܧܨሻ is the density of 
states on the Fermi level. The change of the activation energy may be explained by “freezing” the optical phonons in 
low temperatures; the electron hopping is then assisted only by acoustic phonons (variable range hopping, VRH). 
After fitting the linear function to data in Fig. 6, the B coefficient may be obtained, which allows one to evaluate 
ܰሺܧܨሻ. In the case of investigated material, ܰሺܧܨሻ ൌ1.61·1022 eV-1cm-3. This value is 2 orders of magnitude higher 
than in the LiFe0.75V0.1PO4 investigated in [10]. 
The dramatic increase of conductivity may be related to precipitation of nanocrystals during annealing of the 
glassy material by means of core-shell model [19]. The small grains are covered with the strongly defected grain 
boundaries, consisting of many aliovalent ions. These boundaries act as easy conduction paths. The influence of 
metallic phases on obtained results in highly unlikely. The indication of metallic-type conductivity is a very low (or 
zero) activation energy. In case of investigated material it is equal to 0.101 eV. In addition, the temperature 
dependence of conductivity follows the expressions describing small polaron hopping mechanisms, both in high and 
low temperatures. The metallic phases, like Fe2P or V2O3/VO2 cannot be seen in XRD patterns. It should be 
mentioned that low concentration of phases may not be detected using XRD. However, V2O3/VO2 undergo metal-
insulator transition (MIT) which is reversible, and, in our case, the effect of conductivity growth is irreversible. 
Finally, the process of annealing was conducted in air. It is different from the procedures used e.g. in [3]. In the 
latter case, the reducing atmosphere was responsible for the appearance of metallic phases. 
Despite the above, the problem of low activation energy is open for discussion and more scientific research is 
needed. One should consider that the investigated materials unite the properties of glasses and nanomaterials, and 
the Mott’s theory [16,17] may not be fully suitable for this kind of systems.  
We have ascribed two exothermic peaks to crystallization of different phases. XRD measurements revealed that 
the phase compositions of materials heated to 500 °C and 520 °C are different. To analyse the results in more detail, 
we have calculated the relative intensity of peaks in comparison to LiFePO4. The results of analysis are shown in 
Tab. 1. It can be seen that heating the sample to 520 °C leads to higher relative intensity of Li3V2(PO4)3 and 
Li3Fe2(PO4)3  peaks. It corresponds to the higher amount of these phases in the sample, compared to LiFePO4. It 
means that, in lower (500 °C) temperature, the crystallization of LiFePO4 takes place (which correspond to  
1st crystallization peak in DSC trace). Due to the high content of vanadium, some amount of Li3V2(PO4)3 phase must 
also be created. When the temperature is increased, more of Li3V2(PO4)3 and Li3Fe2(PO4)3 begin to crystallize  
(2nd crystallization peak). 
Nevertheless, it should be mentioned that the performed analysis is rather qualitative than quantitative – the 
degree of crystallinity of the sample changes with temperature, which makes the results difficult to compare. 
Chosen heating temperatures correspond to exothermic maxima for low heating rates – these conditions occur in 
furnace during preparing sample to XRD measurements. 
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Tab.1. Calculated relative intensities of selected Li3V2(PO4)3 and Li3Fe2(PO4)3 peaks  
in comparison to LiFePO4 in 500 °C and 520 °C. 
 
I(Li3V2(PO4)3)/I(LiFePO4) 
 
Li3V2(PO4)3 peaks 
16,17° 20,73° 24,13° 32,86° 
L
iF
eP
O
4 
pe
ak
s 
500 °C 
20,45° 
49% 99% 130% 79% 
520 °C 374% 106% 119% 127% 
500 °C 
35,99° 
65% 132% 173% 105% 
520 °C 733% 207% 232% 248% 
I(Li3Fe2(PO4)3)/I(LiFePO4) 
 
Li3Fe2(PO4)3 peaks 
23,27° 26,46° 
Li
Fe
PO
4 
pe
ak
s 
500 °C 
20,45° 
65% 11% 
520 °C 95% 83% 
500 °C 
35,99° 
87% 15% 
520 °C 186% 162% 
 
5. Conclusions 
 The results of this research can be summarized as follows. A glassy material of composition 
28.2Li2O·35.2FeO·8.4V2O5·28.2P2O5 was obtained using melt-quenching method. After nanocrystallization at 
temperatures higher than 470 °C, the phases of LiFePO4 and Li3V2(PO4)3 are present. Thermal events taking place in 
glassy samples upon heating were shifted towards higher temperatures for larger heating rates. This shift may be 
satisfactorily described by Kissinger's formula. An immense increase in the electronic conductivity was observed in 
sample after annealing. This phenomenon was correlated with crystallization processes taking place in glass. The 
high electronic conductivity σ(25 °C) = 7.59·10-3 Scm-1 and low activation energy Ea = 0.101 eV were observed for 
a sample nanocrystallized at 515 °C. The conductivity was 3.64·108 times higher than for the glassy material. These 
results may be explained by means of core-shell model. The conductivity behavior at low temperatures can be 
described with Mott's theory for variable range hopping. This proves that the high conductivity cannot be ascribed to 
metallic impurities or internal short-circuit. 
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